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Abstract 

We study the potential of the linear collider (LC) with ^/s = 0.5 TeV, linac-ring type ep collider 
(LC(g)LHC) with y/s = 3.74 TeV and the large hadron collider (LHC) with y/s = lA TeV to search 
for excited neutrinos through transition magnetic type couplings with gauge bosons. The excited 
neutrino signal and corresponding backgrounds are studied in detail to obtain accessible mass limits 
and couplings for these three types of colliders. 
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I. INTRODUCTION 



The proliferation of fermionic generations and their compiexpattern of masses and mixing 
angles are expected to be addressed by composite models (ij. A typical consequence of 
compositeness is the appearance of excited leptons (/*) and quarks (q*) . Charged 

(e*, /i* and r*) and neutral (z/*, z/* and z/*) excited leptons are predicted by composite models 
where leptons and quarks have a substructure. Phenomenologically, an excited lepton is 
defined to be a heavy lepton which shares leptonic quantum number with one of the ordinary 
leptons. 



Current limits on the masses of excited neutrinos are 1^1: m* > 99.4 GeV from LEP (pair 

n 



production) assuming f = f [6], > 171 GeV from LEP (single production) assuming 
/ = — /' = A/m* |a| and > 114 GeV from HERA (single production) assuming / = 
-/' = A/m. m- 

The production of excited leptons was studied at LEP and HERA energies jsl, Igl and at 
hadron colliders Q| by taking into account signal and background. The LEP and HERA 
bounds on excited lepton masses are low enough when compared to the expected scale A 
for the compositeness. This motivates us to reanalyze the excited lepton production at the 
future colliders. 

In this paper, we consider the least studied (compared to charged excited lepton produc- 
tion) excited neutrino production in more detail. We take into account signal as well as the 
backgrounds (with the interference between them) at the similar experimental conditions 
and compare the potential of each type of colliders to search for the single production of 
excited neutrinos. 

Three types of colliders related to the energy frontiers in particle physics research seem to 
be promising in the next decade. Namely, they are Large Hadron Collider (LHC) with the 
center of mass energy ^/s = 14 TeV and luminosity L = 10^^cm~^s"^, linear e~^e~ collider 
(LC) with a/s = 0.5 TeV and L = 10^''cm~^s~^, and linac-ring type ep collider (LC®LHC) 
with y/s = 3.74 TeV and L = 10^^cm~^s^^ (see jl^ and references therein). Even though 
the last one has a lower luminosity it can provide better conditions for investigations of a 
lot of phenomena comparing to LC due to the essentially higher center of mass energy and 
LHC due to more clear environment. For this reason, different phenomena (compositeness, 
SUSY, etc.) should be analyzed taking into account all three types of colliders. This work 



2 



is a continuation of previous work devoted to the study of excited electrons [11|, [1 



Excited leptons can be classifiec 



mirror type and homodoublet type ^. In the present study, we will assume that the excited 
fermions have spin and isospin 1/2; higher spin and isospin assignments have been discussed 
in We assume that excited lepton acquire their masses prior to SU(2)x U(l) symmetry 
breaking. Therefore, we consider their left- and right-components in weak isodoublets. The 
success of QED prediction for (?— 2 and small masses of leptons suggest chirality conservation, 
i.e., an excited lepton should not couple to both left- and right-handed components of the 
corresponding lepton. Transition magnetic type ^couplings between ordinary and excited 
leptons are described by the effective Lagrangian 



by SU(2)xU(l) quantum numbers as sequential type. 



Il + h.c. (1) 



where A is the scale for the new physics that excited leptons can appear; W^^ and B^^ are 
the field strength tensors; 't^ denotes the Pauli matrices, Y = —1/2 is the hypercharge; g 
and g' are the SM gauge couplings of SU(2) and U(l), respectively; the constants / and /' 
are the scaling factors for the corresponding gauge couplings. 

The effective lagrangian gives rise to the following excited neutrino-lepton-gauge boson 
vertices: 

^ru'wy 9e{f ~ f 0/1 \ 

.rv'vz ge{fcotew + f'tanew)h p . 

K = 1^ g'^C^a/sll -75) 

K"^^ = , A./3(l-75) (2) 

For an excited neutrino, three decay modes are possible: radiative decays — > 1/7, 
neutral currents decays z/* — * vZ and charged current decays z/* eW. Neglecting ordinary 
lepton masses the decay widths are obtained as 

ami r2 f. ^vY , 



where /,, = (/, = (/ - f')/2, fw = //(y2sin9,„) and h = (/cot9„, + /' taii9,„)/2); 

my is the mass of the gauge boson; a is the electromagnetic coupling constant defined by 
ge = V 4:11 a. The total decay width of the excited neutrino is F = 1.0 (6.9) GeV for = 200 
(1000) GeV at / = /' = 1 and A = m*. The branching ratios (BR) of excited neutrino into 
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Figure 1: The branching ratios BR (%) depending on the mass of excited neutrino for / = /' = 1 
(thick curves) and / = —/' = ! (thin curves). 

ordinary leptons and gauge bosons 7, Z, W are given in Fig. [H For large values of the excited 
neutrino mass, the branching ratio for the individual decay channels reaches to the constant 
values: 61% for the ly-channel, 39% for the Z-channel while the photon channel vanishes 
at / = /' = 1 . At / = — /' = 1 the radiative decay is allowed for excited neutrino whereas 
it is forbidden for excited electron. In this case, branchings will be 61% for ly-channel, 11% 
for Z-channel and 28% for photon channel at higher excited neutrino masses (m* > 500 
GeV). Therefore, the dominating signature of W^e~ is preferable for the investigation 
of excited neutrino in future experiments. 

II. SINGLE PRODUCTION OF EXCITED NEUTRINOS 

We analyze the potentials of the LC, LC®LHC and LHC machines to search for excited 
neutrinos (or antineutrinos) via the single production reactions 

e^e" z/*z/ (4) 




e p — ^ v*q{q)X 



(5) 



PP 



and 



pp 



(6) 
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For a comparison of different colliders, the signal cross sections for the processes given 
above are presented in Fig. [21 assuming the scale A = m^, and the coupling parameters 
/ = / = 1. 

The possible final states for the signal at three different collisions are given in Table HI 
As can be seen from Table HI the radiative decays u* — ^ z/7 and neutral currents decays 
u* vZ will result in larger uncertainty due to the missing transverse momentum, whereas 
charged current decays v* — > eW leads to a better reconstruction for the signal. In this 
study, we consider the subsequent decay of excited neutrino (or antineutrino) into a W- 
boson and an electron (or positron). Therefore, we deal with the process e^e~ W'^e^u, 
and subprocesses e~q{q') — > W~^e~q{q), qq W^e^u and qq' W'^e^e'^. The si gna l and 
background were simulated at the parton level by using the program CompHEP 4.2 [lJ| (the 
interference terms between signal and background processes are taken into account in the 
urogram). In our calculations, we used the parton distribution functions library CTEQ6L 
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with the factorization scale Q"^ = s. 
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Figure 2: The total cross sections for the single production of excited neutrino with A = and 
/ = / = 1 at e~e^ collider with ^/s = 0.5 TeV, ep collider with ^/s = 3.74 TeV and pp collider 
with ^ = 14 TeV. 
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Table I: Event topologies for the single production of excited neutrinos with subsequent decay 
channels at three different type of collisions. 
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Figure 3: Excited neutrino production at e~e+ colliders through the (a,b) s— channel and (c) t— 
channel exchange diagrams. 

A. e+e~ Collider 

High energy electron-positron collisions provide an excellent environment for the search 
for excited leptons. We examine the single production of excited neutrinos iy*) at future 
e~e^ colliders with ^/s = 500 GeV, through the process e~e~^ z/*z/ — > W^e~u. The 
Feynman diagram for the process e~e~^ u*i) is shown in Fig. [HI 
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dcr ^ gt _ - s){ml - s - t)t V2{-1 + 2cv)fwfzst{-ml + s + t) 

dt 647rs^A2 sin^ Owifn^r — tY cos6'vy(m| — s) svo? Owimyy — t) 

_ AV2f^fwti-ml + s + t) 4:f^ K + + t)-ml{s + 2t)] 
sin 6w (rn'^ — t) s 
fls [-(1 - 2cvfmt - 2(1 + Acl)t{s + t) + (1 - 2cvfmi{s + 2t)] 

4 cos^ 9\Y{m\ — s)2 sin^ 9^/ 
2f^fz [(-1 + 2cv)mt + Acvt{s + t)- (-1 + 2cv)mlis + 2t)]. 



+ 



(7) 



cos6'H/(m| — s) sin 6w 

We applied the following acceptance cuts to form the signal and reduce the backgrounds 



> 20 GeV (8) 



|^?e±.^|<2.5 (9) 

where Pt is the transverse momentum of the visible particle or the missing transverse momen- 
tum when a neutrino is produced, r] stands for the pseudo-rapidity of the visible particles. 
After applying these cuts, the SM background cross section is found to be as = 0.89 pb. 
For the W-boson decay we choose the case W — >2 jets. In the case of leptonic decays of 
W-boson the final state of the process consists of two neutrinos giving a large uncertainty 
in the excited neutrino mass reconstruction. The u* W^e~ decay of excited neutrino 
can be easily identified since the invariant mass of the ejj system shows a peak around the 
excited neutrino mass. Fig. El shows the invariant mass Triejj distribution in the reaction 
e^e^ W^e^u for the SM background and with the inclusion of an excited neutrino with 
masses = 200 GeV, = 300 GeV, m^, = 400 GeV and parameter / = /' = 1. 

A natural way of extracting the excited neutrino signal, and at the same time suppressing 
the SM backgrounds is to impose a cut on the ejj invariant mass. Therefore, we introduced 
the cut 

\mejj - m^l < 25 GeV (10) 

for considered range of excited neutrino masses. In Table Ull we have presented the signal 
(for / = /' = 1) and background cross sections in ejj invariant mass bins since the signal 
is concentrated in a small region proportional to the invariant mass resolution. In order 
to examine the potential of the collider to search for the excited neutrinos, we defined the 
statistical significance SS of the signal 

SS = \^^±^-M^, (11) 
7 
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Figure 4: Invariant mass rriejj distribution of signal (the scale A = and the coupling parameters 
/ = /' = !) and the corresponding background at e~e~^ collider. 

where L^nt is the integrated luminosity of the collider. The values of SS evaluated at each 
excited neutrino mass points are shown in the last column of Table Ull As seen from the 
Table Ull the calculated 5* 5* values are higher than 5 up to the center of mass energy of 
the LC. Single production of excited neutrinos is feasible up to the center of mass energy of 
e~^e~ collider even with fairly small magnetic transition couplings to the leptons. For various 
coupling parameters /(= /'), we give the 5* 5* values in Fig. El Concerning the criteria above 
(SS>5), even for smaller coupling as / = /' = 0.1 excited neutrinos with masses up to 
450 GeV can be probed at the LC. We could compare the results for the cases / = /' = ! 
and / = — /' = 1 to see the effects of photon coupling in excited neutrino production 
mechanism. We find decreases about (15-5)% in the cross sections for the values of excited 
neutrino mass intervals = 200 — 400 GeV. Because of the high energy of electron/positron 
beams, initial state radiation (ISR) can affect the production cross sections. We find 10% 
decrease in the signal+background cross section up to the kinematical energy range of the 
collision. 
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Table II: Statistical significance SS are calculated within selected mass bin width Am = 50 GeV 
for an integral luminosity of L^nt = 100 fb~^ at the LC. 



m*(GeV) 
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Figure 5: Statistical significance depending on the excited neutrino mass and coupling parameters 
(/ = / ) at the LC for the scale A = m^:. 

B. ep Collider 

The magnetic transition couplings of excited neutrino to the electron allows single produc- 
tion of z/* through t-channel W boson exchange. The Feynman diagrams for the subprocess 
e~q v*q' and e~q' — > z/*g are shown in Fig. El 
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Figure 6: Single production of excited neutrinos at ep colliders through the subprocesses (a) e 
u*q' and (b) e~q' — > u*q. 
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Figure 7: Invariant mass m^jj distribution of signal (A = and f = f' = and background at 
e~p colliders. 



da fw9ti (s + i) \U, 



V I 



dt 



32 7rsA2 sin^^vK {ml, - i)' 



(12) 



After the acceptance cuts the total SM background cross section is obtained as cr^ = l-H 
pb. Fig. 13 shows the invariant mass m^jj distribution in the reaction e^q W^e~i) for the 
SM background and the signal (for / = /' = 1) v^ith the inclusion of an excited neutrino 
with masses = 400 GeV, = 800 GeV and = 1200 GeV. 

In Table IIIH we present the signal and background cross sections in ejj invariant mass 
bins satisfying the condition \mejj — m*| < 25 GeV for the mass range m* = 200 — 1200 
GeV and \mejj — < 50 GeV for m^, = 1200 — 1500 GeV. For various coupling parameters 
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Table III: Statistical significance SS of the excited neutrino signal with couplings / = /' = ! and 
A = m=K are calculated for an integral luminosity of Lint = 100 pb~^ at the LC x LHC. 



m (GeV) 


n"c 1 D ( rib 1 


tr D\ rtb 1 


55* 


200 


2 96 X in^ 


1.04 X 10"! 


914.6 


400 


4.31 X 10° 


4.46 X 10-2 


201.9 


600 


1.12 X 10° 


2.09 X 10-2 


76.03 


800 


3.62 X 10-1 


9.71 X 10-3 


35.7 


1000 


1.32 X 10-1 


5.30 X 10-3 


17.4 


1200 


5.41 X 10-2 


5.93 X 10-3 


6.25 


1500 


1.35 X 10-2 


2.50 X 10-3 


2.20 



/(= /')) show the mass dependence of the SS in Fig. |H1 As can be seen from Table ITTTl 
LC®LHC can discover excited neutrino in W^e~ decay mode for / = /' = 1 up to 

the mass of 1300 GeV. If we take / = — /' = 1 and A = m^, we find almost the same signal 
cross sections for higher masses as > 500 GeV. However, a decrease in the cross section 
about 10% is obtained at = 200 GeV. The effects from ISR is found to be 5% decrease 
in the signal+background cross section. One can conclude that the results obtained for the 
LCxLHC turns out to be at least an order of magnitude more stringent than the present 
best limits coming from the HERA experiments. 

C. pp Collider 

At the LHC, the single production of excited neutrinos takes place through the subpro- 
cesses qq Z*/Y W^e~u and qq z/*e W^e^e^ via the Drell-Yan 

mechanism. The diagrams related to these subprocesses are shown in Fig. IHl After the 
acceptance cuts the total SM background cross sections are obtained as as = 2.73 pb for 
the process pp W^e~vX and as = 0.19 pb for pp W~^e~e~^X . 
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Figure 8: Statistical significance depending on the excited neutrino mass for different coupling 
parameters (/ = /') for the process e~p — > W'^e~q{q)X at the LC(8)LHC. 
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Figure 9: Excited neutrino production via the (a,b) photon and boson exchange, and (c) 
boson exchange diagrams at hadron colliders. 
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the SM background and the signal (for / = /' = !) with masses of = 400 GeV, m* = 800 



GeV and = 1200 GeV. In Table Hvl we present the signal and background cross sections 
in ejj invariant mass bins satisfying the condition \mejj — m^:\ < 25 GeV for excited neutrino 
mass = 200-1200 GeV and \mejj-m^\ < 50 GeV for = 1200-2000 GeV. Statistical 
significance SS are shown in Fig. [TT]for pp — > W^e~e^X process with different couplings 



signal cross sections for the considered range of excited neutrino masses. Relatively weak 
limits on the masses and couplings are obtained for the process pp — > W^e~uX. One can 
conclude that the LHC will be able to extend considerably the range of excited neutrino 
masses up to about 1.85 TeV. 

III. CONCLUSION 

In our analysis, we assumed that the excited neutrino interact with the SM particles 
via the effective Lagrangian (1). We restrict ourselves to the gauge interactions since the 
aim of this paper is to compare the potential of three types of colliders within the similar 
sets of cuts. Our results coincide with where similar analysis was performed for the LC, 
and essentially coincide with [3| where the mass range accessible with LHC was obtained. 
Finally, our analysis show that for relatively small masses (m* < 450 GeV) LC is more 
promising than LC(S)LHC and the LHC for the processes considered. The LHC can probe 
higher masses of excited neutrinos and smaller couplings than the LC and LCxLHC can do. 

We may conclude from Table HVl that the W^e~v final state in e^e~ and pp collisions 
has both excited neutrino and excited electron contribution. However, W^e~q and W^e~e'^ 
final state in e~p and pp collisions isolate the excited neutrino contribution. Focusing on the 



/(= /'). For the parameters / = — /' 



1, we find a maximum decrease about 5% in the 
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Figure 10: Invariant mass rUejj distribution of signal and background for the processes pp — ^ 
W+e'e+X at pp collider (LHC). 

2j+opposite sign leptons signal in pp collision and 3j+a lepton signal (by requiring a peak 
in the ejj invariant mass distribution and reconstructing W -mass from two jets) excited 
neutrino can be probed at the detectors built on the future colliders. 

We give the realistic estimates for excited neutrino signal and the corresponding back- 
ground at three-type of colliders with the availability of higher center of mass energies and 
higher luminosities. Since the cross section for the signal is proportional to 1/A^, various 
choices of the A, i.e., in this study we have choosen A = m*, will lead to the changes in 
the cross sections as (m^,/A)^. For A = 1 TeV, we need to multiply the signal cross sections 
by a factor [m*(TeV)]^ at every mass values of excited neutrinos. Our analysis show that 
for / = / - 1 the LC can discover excited neutrino in u* W^e decay mode up to the 
kinematical limit, while LC(8)LHC and LHC can reach much higher mass values, namely 
1300 GeV and 1850 GeV, respectively. For / = /' = 0.1 discover limits are: 450 GeV at LC, 
275 GeV at LC(8)LHC and 350 GeV at LHC. 
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Table IV: The cross sections of signal and background, and the statistical significance SS of the 
excited neutrino signal with couplings / = /' = ! and A = are calculated for an integral 
luminosity of L = 100 fb"^ at the LHC. 



process—^ 


pp e-W+e+X 


pp ^ e W^uX 


m*(GeV) 


o"5+B(pb) 


CTfi (pb) 


SS 


o"5+B(pb) 


cTfi (pb) 


SS 


200 


7.70 X 10-1 


4.98 X 10-2 


1074.0 


7.34 X 10-1 


4.65 X 10-1 


124.7 


400 


7.10 X 10-2 


7.16 X 10-3 


256.9 


5.90 X 10-2 


4.67 X 10-2 


17.9 


600 


1.53 X 10-2 


1.61 X 10-3 


116.3 


1.20 X 10-2 


8.33 X 10-3 


12.7 


800 


4.57 X 10-3 


5.02 X 10-^ 


62.3 


3.03 X 10-3 


2.45 X 10-3 


3.7 


1200 


7.50 X lO-'' 


1.64 X 10-^ 


17.1 


5.49 X 10-^ 


7.13 X 10-^ 


1.9 


1600 


1.65 X 10-^ 


3.66 X 10-5 


7.9 








2000 


4.15 X 10-^ 


9.96 X 10-^ 


3.8 
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